Cooper-pair qubit and Cooper-pair electrometer in one device by Zorin, A. B.
ar
X
iv
:c
on
d-
m
at
/0
11
23
51
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  1
9 D
ec
 20
01
Cooper-pair qubit and Cooper-pair electrometer in one device
A. B. Zorin
Physikalisch-Technische Bundesanstalt, Bundesallee 100, D-38116 Braunschweig, Germany
An all-superconductor charge qubit enabling a radio-frequency readout of its quantum state is
described. The core element of the setup is a superconducting loop which includes the single-Cooper-
pair (Bloch) transistor. This circuit has two functions: First, it operates as a charge qubit with
magnetic control of Josephson coupling and electrostatic control of the charge on the transistor
island. Secondly, it acts as the transducer of the rf electrometer, which probes the qubit state by
measuring the Josephson inductance of the transistor. The evaluation of the basic parameters of
this device shows its superiority over the rf-SET-based qubit setup.
PACS numbers: 74.50.+r, 85.25.Na, 03.67.Lx
Superconducting structures with small Josephson tun-
nel junctions serve as a basis for electronic devices oper-
ating on single Cooper pairs and possessing remarkable
characteristics. The paper Ref. [1] has demonstrated the
potential of the single-Cooper-pair box circuit [2] as a
charge qubit and thus has attracted renewed attention
to this field. The practical realization of the Cooper pair
qubit is not, however, simple and the main problems here
are the achievement of a reliable readout of the quantum
state and an elongation of the decoherence time. For
the most part, these two issues are interrelated because
a charge detector coupled to the qubit presents the prin-
cipal source of quantum decoherence.
The qubit setup consisting of a Cooper pair box and
a capacitively coupled single electron transistor (SET,
including the rf-SET [3]) has been extensively explored
[4, 5, 6]. Although a preliminary analysis shows that
qubit states can, in principle, be measured in the snap-
shot regime [6], the ‘mismatch’ of the charge carriers in
the setup components (namely, the incoherent nature of
charges in the SET) might lead to an unaccounted en-
hancement of decoherence in the system. Alternatively,
the generic type ofCooper-pair (Bloch-transistor [7]) elec-
trometers made from superconductors [8, 9] seems to be
quite promising as regards matching with the Cooper pair
box. Furthermore, similar to dc-SQUIDs [10] and in con-
trast to SETs, the resistively shunted Cooper-pair elec-
trometer belongs to the category of perfect (quantum-
limited) linear detectors [11, 12] and, therefore, can per-
form continuous measurements of a quantum object [13].
Recently, we have proposed an rf-driven single-Cooper-
pair electrometer [14] whose energy-resolution figure ǫ
can approach the standard quantum limit of ~/2. The
transducer of this electrometer is a Bloch transistor in-
serted into a superconducting loop. The magnitude of
the supercurrent circulating in the loop depends on the
polarization charge (quasicharge) on the transistor island
induced via a coupling capacitance by the charge source,
e.g., the qubit.
In this paper we present a circuit in which the elec-
trometer’s transducer takes over the function of the
Cooper pair box (qubit) as well. The device’s core el-
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FIG. 1: (a) Electric diagram of the qubit-electrometer system
consisting of a macroscopic superconducting low-inductance
loop which includes two small Josephson junctions (shown by
black color) forming a mesoscopic island in between, equipped
with a capacitively coupled gate (the Bloch transistor) and a
series-resonance tank circuit inductively coupled to the loop
and driven by source Vrf . The dc flux Φe is applied to the loop
by a separate circuit. (b) The rf current meter inserted into
the tank circuit is a linear amplifier followed by an amplitude
(or phase) detector and a low-pass filter.
ement is a superconducting loop including a mesoscopic
double Josephson junction with a capacitive gate (tran-
sistor); it is shown in Fig. 1a. The individual junc-
tions are characterized by coupling energies EJ1 and EJ2,
which do not differ significantly,
kBT ≪ δEJ ≡ |EJ1 − EJ2| ≪ EJ ≃ Ec, (1)
where EJ ≡ (EJ1+EJ2)/2 is the average Josephson cou-
pling energy and Ec ≡ e
2/2C is the total charging energy
of the island (center electrode) [15]. The island’s total
capacitance C is much lower than CL (the capacitance
of the ‘macroscopic’ loop with respect to ground). The
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FIG. 2: Energy of the ground (n = 0) and upper (n = 1)
states of the Bloch transistor inserted into the low-inductance
superconducting loop at different values of frustration param-
eter f . The resultant Josephson coupling of the Cooper pair
box determines the energy gap in the degeneracy point q = e
and varies from 2EJ (at f = 0) to δEJ (at f = 0.5). The
circuit parameters are: EJ = Ec and δEJ = 0.1EJ.
inductance of the loop L is however rather small,
βL = 2πLIc(q)/Φ0 ≪ 1, (2)
where Φ0 = h/2e ≈ 2.07 fWb is the flux quantum. The
resulting critical current Ic (a function of the island’s
quasicharge q) is always lower than its nominal value
Ic0 = min{Ic1, Ic2}, where Ic1,c2 = (2π/Φ0)EJ1,J2, which
is realized in the absence of the charging effect (see, e.g.,
Ref. [11]). Equation (2) ensures a linear relation between
the overall Josephson phase, i.e. the sum of individual
phases, ϕ = ϕ1 + ϕ2 (a good quantum variable) and the
external magnetic flux Φe applied to the loop. Moreover,
at small L the characteristic magnetic energy of the loop
is Em ≡ Φ
2
0/2L ≫ EJ, and, hence, by far exceeds the
energy of thermal fluctuations kBT .
The quasicharge (another good variable) [16], q =
CgVg, is controlled by the voltage Vg applied to a gate
with coupling capacitance Cg ≪ C. A weakly coupled
dc-flux-bias circuit fixes the value of the frustration pa-
rameter f = Φe/Φ0 and, hence, the dc Josephson phase
ϕ0 = 2πf . In particular, the value of f = 0.5 makes
it possible to significantly reduce the effective Josephson
coupling E˜J of the system as a Cooper-pair box (qubit),
i.e. E˜J = (E
2
J1 + E
2
J2 + 2EJ1EJ2 cosϕ0)
1/2 = δEJ, and
thereby to localize the region, q ≈ e, of intensive mixing
of the island’s charge states |0〉 and |2e〉, resulting in the
symmetric and antisymmetric basis states: 1√
2
(|0〉+ |2e〉)
at n = 0 and 1√
2
(|0〉 − |2e〉) at n = 1 respectively. The
corresponding energy spectrum (two lowest Bloch bands)
[16] is presented in Fig. 2.
Finally, as shown in the diagram of Fig. 1a, the loop
is inductively coupled to a high-Q series tank circuit
driven by the sinusoidal voltage Vrf of frequency ω ≈
ω0 ≡ (LTCT)
−1/2 ≪ δEJ/~. Mutual coupling is rela-
tively weak, k = M/(LLT)
1/2 ≪ 1, while the product
k2QβL is not small (∼ 1). The change of the amplitude
of current oscillations in the tank is amplified, detected,
filtered and then serves as an output signal (see Fig. 1b).
The regime analyzed in Ref. [14] assumes a substantial
amplitude of induced oscillations of the Josephson phase,
ϕ = ϕ0 + a sinωt with a ≈ 1.8. This value yields maxi-
mum output signals of the rf Bloch electrometer (as well
as of the single-junction SQUID operating in the similar,
non-hysteretic mode [17]). In this regime, phase ϕ spans
the whole period of 2π; so the oscillations in the tank in
fact probe the critical current of the transistor Ic, whose
value depends on the polarization charge on its island q.
This charge can be induced, for example, by a charge of a
standalone Cooper-pair box coupled to such electrometer
via a small capacitance.
In the present case of ‘100% coupling’ between box and
electrometer, the amplitude of driving signal Vrf can be
reduced so that a≪ 1. In this regime, the impedance of
the low-βL loop with the Bloch transistor is determined
by the Josephson inductance LJ whose reverse value is
equal to
L−1J (q, n) =
2π
Φ0
∂Is(ϕ, q, n)
∂ϕ
. (3)
Due to coupling to the loop the effective inductance of
the tank is changed,
LT → LT −M
2L−1J (q, n), (4)
and this leads to the shift of the resonance frequency,
δω0/ω0 ≈ k
2LL−1J /2 [18].
To evaluate this shift we compute the expectation value
of the supercurrent operator Iˆs using the Bloch eigenfunc-
tions |q, n〉 [16] as follows [7],
Is(ϕ, q, n) = 〈q, n|Iˆs|q, n〉 = 〈q, n|Ic1 sinϕ1|q, n〉
= 〈q, n|Ic2 sinϕ2|q, n〉. (5)
The result of numerical calculation for the case of almost
symmetric transistor with EJ = Ec is presented in Fig. 3.
As can be seen from these plots, not only the maximum
of Josephson supercurrent, i.e. the critical current value,
depends on the quasicharge q and the band index n [19],
but also its phase dependence for n = 0 and n = 1 is
different. In the ground state the current-phase depen-
dence has a shape typical of the Josephson weak links
(see, e.g., the review paper [20] and references therein).
In the upper state, for all q not close to 0 mod(2e) and
not very large values of the ratio EJ/Ec the dependence
has a phase shift of π, which is typical of the Josephson
junctions with ferromagnetic interlayer [21].
This behavior of the supercurrent results in the strong
dependence of the Josephson inductance (see Eq. (3)) on
q and n at ϕ0 ≈ π, viz., L
−1
J is negative in the ground
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FIG. 3: Supercurrent-phase relation in the Bloch transistor
with EJ = Ec and δEJ = 0.1EJ in the ground state [12]
(a) and in the upper state (b) calculated in the points of
q = 0, 0.25e, 0.5e, 0.75e and e (in the order of increasing am-
plitude). Note the transformation of the current-phase rela-
tion from the regular one to the ‘pi-shifted’ relation, occurring
at small q in the upper Bloch state (b).
state and positive in the upper state, while its absolute
values ∼ (Ic0/Φ0). Therefore, when the band number n
is changing, 0 ⇆ 1, the relative shift of the resonance
frequency is substantial, i.e.,
δω0/ω0 ∼ k
2βL ∼ Q
−1. (6)
Near the resonance this shift leads to a dramatic change
of the amplitude of ac current in the tank, δIa ∼
Ia = (Φ0/2πM) a, that is reliably measured at a &
(ΘAB/EJω)
1/2, assuming the output bandwidth B .
ω/Q ≪ ω and dominating role of the noise of the am-
plifier whose noise temperature TA ≡ ΘA/kB ≫ T and
the input impedance RA ≫ RT [22].
The great advantage of the superconducting loop in-
cluding the Bloch transistor consists in a negligibly
low dissipation and, therefore, a minor role of intrinsic
sources of qubit decoherence [23]. The processes associ-
ated with dissipation are the quasiparticle and the pair-
quasiparticle interference [24] components of the tunnel-
ing. In our case, however, both the frequency and the
amplitude of the voltage across the transistor Vtr are
small, namely 2eVtr = a~ω ≪ ~ω . kBT ≪ Ec <
∆. This relation ensures huge suppression (by a fac-
tor η = exp(−∆/kBT ) ≪ 1) of all dissipative pro-
cesses. Moreover, since the parity effect blocks sequen-
tial quasiparticle tunneling, dissipation can only occur
due to the co-tunneling effect. The effective leakage
resistance of the transistor (with normal resistances of
the junctions R1 and R2) therefore is of the order of
(R1R2/Rq)(∆/aη~ω)
2≫ R1,2, where Rq = h/4e
2 is the
resistance quantum, and can, therefore, be neglected.
The main source of decoherence therefore is the exter-
nal electromagnetic circuit: it causes fluctuations of the
island’s electric potential u˜. The fluctuation sources, la-
beled as vg, ib, vT and vA in Fig. 1, are associated with
dissipative components of the circuit, Rg, Rb, RT (being
presumably at the equilibrium temperature T ) and RA
(characterized by TA). The rates of dephasing caused by
the gate and dc-flux bias, i.e. by the sources vg and ib re-
spectively, were earlier evaluated by Makhlin, et al. [4].
They showed that reduction of the coupling strengths,
i.e., Cg and Mb, can make these rates small enough
to allow many single-bit manipulations to be performed
within the dephasing time. If Vrf = 0, similar reasoning
can be applied to the resonance tank circuit containing
the sources vT and vA.
When the rf-drive is on, it leads to an enhancement of
the fluctuations u˜ at low frequencies (≪ ω) due to para-
metric down-conversion of noise at frequencies around ω.
The spectral density of these fluctuations [14],
Su(0) ≈ a
2EJΘA/e
2ω, (7)
is equivalent to that of the resistance Reff =
a2(EJ/~ω)Rq at temperature TA. At TA ≈ ~ω/kB,
the resistance Reff ∼ Rq/Q, which allows [4] up to
N = Rq/Reff ∼ Q (say, ∼ 10
3) single-qubit manipula-
tions to be performed in the degeneracy point, q = e,
during the entanglement time τent ∼ Q~/δEJ. In con-
trast to the rf-SET setup [6], there is, in principle, no
need for switching the electrometer off in the degeneracy
point q = e.
During the measurement (away from the point q =
e) the energy gap between the charge states is large,
∆E ≡ ~Ω & Ec > δEJ. Due to the high impedance
of the tank at the transition frequency Ω ≫ ω0,
the spectral density Su(Ω) is remarkably low, viz. ≈
~ω/πQΩLT, which yields a long mixing time [5] τmix =
(~/e)2(∆E/EJ)
2S−2u (Ω). The latter value allows a mea-
surement with a high signal-to-noise ratio,
S/N = (Bτmix)
1/2 ∼ (~Ω/kBTA)
1/2Q≫ 1, (8)
to be performed even if a cooled semiconductor amplifier
with the fairly good noise temperature of TA ∼ 10 K is
exploited (cf. S/N ≈ 4 achievable using an Al rf-SET
with extremely low noise figure [6]).
I am grateful to M. Go¨tz, M. Mu¨ck, and J. Niemeyer
for valuable discussions.
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